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Abstract— Scilab and Scicosare open-source and fr ee soft-
ware packages for design, simulation and realization of in-
dustrial processcontrol systems. They can be used as the
center of an integrated platform for the completedevelopment
process,including running controller with real plant (Scicos-
HIL: Hardware In the Loop) and automatic codegenerationfor
real time embeddedplatforms (Linux, RTAI/RTAI-Lab, RTAI-
XML/J-R TAI-Lab). These tools are mature, working alterna-
tives to closed source, proprietary solutions for educational,
academic, research and industrial applications. We present,
using a working example,a completedevelopment chain, fr om
the designtools to the automatic codegenerationof stand alone
embeddedcontrol and user interface program.

Keywords: Real time control; dynamical systemssimu-
lation; simulationsoftware; hybrid systems;Scilab; Scicos;
RTAI; Comedi.

I . INTRODUCTION

We show, usinga real example,a completedevelopment
chain that allow to:

� constructa mathematicalmodelof the plant;
� validatethe modelof the plant throughsimulationand

open-loopmeasurements;
� designa suitablecontroller;
� simulatethe full systemandoptimizecontrollerparam-

eters;
� run the controller inside the standardsimulator while

connectedto the real plant in ”soft real-time” mode
(SCICOS-HIL:ScicosHardware In the Loop);

� usean automaticcodegeneratorto createstand-alone
controllerprogramthat could run standalonein ”hard-
real-time” mode(Linux-RTAI CodeGenerator;

� implementgraphicsuserinterfaces(RTAI-Lab, J-RTAI-
Lab) to remotely interact with the controller using
network connections.

We provide all the referencesto the documentation,
available thought Internet, that describeall the details of
installation, con�guration and utilization of the software
packagesinvolved.Our aim is just to show what is possible
to realize within a very limited budget: we try to limit

the cost of the parts using standard,low cost devices and
stimulate development of solutions that use imagination
insteadof money. Just as an example, the cost of all the
softwareusedis zero.

I I . SOFTWARE PACKAGES OVERVIEW

One - if not the most important - critical issue for
the developing of modern digital control systemsare the
software tools usedfor the designandvalidation.

A. Scilab

We useScilab/Scicosas main developmentenvironment.
Scilab [1] is a scienti�c software packagefor numerical
computationsproviding a powerful open computing envi-
ronmentfor engineeringand scienti�c applications.Scilab
hasa completefunctions toolbox for modeling,simulating
andaiding thedesignof hybrid control systems.Since1994
it hasbeendistributedfreely alongwith the sourcecodevia
theInternet.It is currentlyusedin educationalandindustrial
environmentsaround the world. Scilab includes hundreds
of mathematicalfunctionswith the possibility to add inter-
actively programsfrom various languages(FORTRAN, C,
C++, JAVA). It hassophisticateddatastructures(including
lists, polynomials, rational functions, linear systems),an
interpreterand a high level programminglanguage(Scilab
Language).

B. Scicos

Writing the simulationof an hybrid dynamicalsystemas
scripts,usingthe powerful functionsof the Scilab language
is possible [2], but it is time consumingand it is very
easyto insert bugs during the manualcoding. To simplify
this job, Scilab include Scicos [3] a graphicalhybrid dy-
namical systemmodeler and simulator toolbox. Scicos is
used for applications in control system, communication,
signal processing,queuingsystems,and to study physical
and biological systems.Within Scicosgraphicaleditor it is
possibleto place, con�gure and connectblocks, in order



to creatediagramsto modelhybrid dynamicalsystems,and
simulate it. Most of the Scicosgraphicaluser interface is
written in Scilab language,for complete integration with
Scilab, easycustomizationand maximum �e xibility . Each
blocks is rapresentedby two functions:

� the interfacing function. Written in Scilab language,
de�ne the graphical representation,the input, output
andcontrol portsandsignalsandthe usercon�gurable
parameters;

� the computationalfunction, that is the real code used
in the simulations.The computationalfunction can be
written in Scilab Language,for easydevelopment,or
in C, for maximumef�ciency and speed.The C com-
putationalfunction canbe pre-compiledor ”compiled-
before-simulation”in order to allow the user to ccus-
tomizewithout leave the Scicosenvironment.

Scicos simulationscould be used to interact with real
systemin many ways:

� ScicosHIL (Hardware In the Loop). With somelimi-
tation is possibleusetheScicossimulationto control a
real plant in real time.

� the internal,generalpurpose,C generator. The internal
”CodeGenerator”(menu”Object”-¿”Codegeneration”,
[4] ) translatethe Scicossymbolicdiagramrepresenta-
tion in standalone,generalpurposeC code.This code
usesthestandardI/O (terminal)asinterface.It is left to
theuserto customizetheC codein orderto interactwith
other input/outputdevices (e.g. dataacquisitioncards)
andresolvesthereal time andsynchronismissues.This
basic, but very �e xible solution, is designedto work
with hand coding or with external software tools as
Syndex[5]. For the next releaseof Scilab (vers.5) the
internal code generatorwill be fully integrated with
Syndex to allow the physicalimplementationof Scicos
diagram on multiprocessorsand programmablelogic
architectures.

� use a speci�c code generatorfor Linux RTAI. This
solution merge the hard real time capability of Linux-
RTAI kernel [6] with the creation of a stand alone
programfrom Scicoscomputationalfunctions,ideal for
embeddedsystemswith limited hardware resources.
The stand alone program that implement the Scicos
diagramcon exchangedata using the RTAI-Lab user
interfaceor theJ-RTAI-Lab userinterfaces.The former
needsRTAI installedin the hostsystem,the latter uses
Java appletsthat runson any Java enabledbrowseron
any OS.

C. RTAI-Lab user interface

RTAI-Lab is a graphicsenvironmentthatallow to display,
in real time, the internal variables of a RTAI running
controller, using scopesand other virtual instruments.It
is also possible modify the internal parameterin order
to tune the system.RTAI tasks and RTAI-Lab exchange
data using IP addressand NET-RPC protocol. The NET-
RPC usesEthernet(or other compatiblemedia/interfaces)
in real time using customUDP datapacket. This protocol
support an arbitrary number to tasks/controllerconnected
with a single supervisor. This is the ideal environment for
distributed control applications.With some limitations on
the network load, the samemediacansupportreal time and
standardTCP/IPconnectionsimultaneously. RTAI-Lab uses
RTAI API to synchronizethecommunicationandupdatethe
display with real time priority. This imply the presenceof
an Linux RTAI also in the supervisorPC that run RTAI-
Lab. It is possible to avoid this requirement:the RTAI-
XML/J-RTAI-Lab [7] allow to use a generalpurposeJava
enabledweb browser to implement the samefeaturesof
RTAI-Lab but without any garanteeaboutthe latency of the
dataexchange.

D. Comedidevice drivers and libreries

Comedi [8] is the standardway to useI/O interfacede-
viceswith Linux. TheComediprojectdevelopsopen-source
drivers,tools,andlibrariesfor dataacquisition.Comediis a
collectionof driversfor avarietyof commondataacquisition
plug-in boards(more than 100 devices are supported).The
drivers are implementedas a core Linux kernel module
providing common functionality and individual low-level
driver modules.To usethe driver, the applicationprogram
shoulduseComedilib functions.Comedilib is a user-space
library thatprovidesadeveloper-friendly interfaceto Comedi
devices.Includedin the Comedilibdistribution is documen-
tation, con�guration and calibration utilities, and demon-
stration programs.Kcomedilib is a Linux kernel module
(distributed with Comedi) that provides the sameinterface
asComedilib in kernelspace,suitablefor real-timetasks.It
is effectively a ”kernellibrary” for usingComedifrom real-
time tasks.This is a very importantfeaturesbecausethehard
real time RTAI taskscould not issuesdirect systemcall to
uses.

E. Linux and RTAI-Linux kernels

TheLinux kernelis thefoundationoverall this building is
constructed.The Linux kernelprovidesa level of �e xibility
and reliability simply impossibleto achieve with any other
(free or commercial)operatingsystem.For thesereasons,



many companiesin the �eld of real time and embedded
operatingsystems[9] offer supportfor Linux.

The real time performancesof the latest 2.6.1x Linux
kernelarevery closeto real time (for samplingtime in the
millisecondsrange)but the ”vanilla” (standard,unmodi�ed)
Linux is NOT a real time operatingsystembecausewith the
standardLinux kernel is not possiblegive guaranteeabout
the absolutemaximumlatency of taskactivation. Thereare
many project that modify (patch)the Linux kernel in order
to createa ”parallel” hardreal time kernel (anduser)space
wherethe taskshave deterministicactivation timing, while
leave theother”normal” tasksrunningin thestandardLinux
user's space.We useRTAI becauseoffer direct supportfor
Scilab/Scicos,but is alsopossibleto useXenomai[10].

I I I . CONSTRUCTION OF THE PLANT

The fastestway to have a plant is to buy such ”ready-
made”.Therearemany companieson the educationalmar-
ket that offer such products[11]. We choosethe classical
ball and beamexperiment(Fig. 1 (a)) becauseits intrinsic
instability andnon linearity representsa recognizedcontrol
systembenchmark.Theconstructionis possibleusingreadily
available cheapparts.For most of the mechanicalpartswe
useLEGO Technique/Mindstorm[11] components(lessthan
200 euro for a completekit).

Fig. 1. Complete system.From the bottom: (a) ball and beam; (b)
ampli�ers andpower supplies;(c) USB-DUX dataacquisitioncard.

The ball is madeof stainlesssteel.The ball rolls on two
brassrails salvagedfrom a train model and glued on the
Legobricks(Fig. 1(a)).Webuild, usingasingleexperimental
printed circuit board (Fig. 1(b)), the input ampli�er, the
power outputampli�er andthe relativespower supplies.As
dataacquisitioncardsweusetheUSB-DUX (Fig. 1(c), [13]).

A. Ball positionsensor

The ball position is measuredusingoneof the rails asa
variablevoltagesource(Fig. 3). A �oating 5 Volts voltage
anda seriesresistor, supplya constant700mA currentto the
referencerail. This arrangementsis simple but inef�cient:
almost all the electrical power is dissipatedin the linear
regulatorandin theexternal6:8 ohm/ 5 Watt power resistor.
To avoid this waste of electrical power, we plan to use
a constantvoltage (100mV), low noise, switching power
supply. The metallic (stainlesssteel)ball works asa sliding
contact;the secondrail closesthe circuit, sendingthe low
level signal(0� 40mV, equivalentto 0� 30cm) to the input
ampli�er.
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Fig. 2. Input Ampli�er .

The contact resistanceis very noisy (typical moving
contactnoise).The input ampli�er (Fig. 3) has high-input
impedanceand usesa low pass�lter (R and C) that cut
out part of the noise from this sensor. We provides two
time constants(5ms and 0:5ms) compatiblewith expected
closedloop dynamicof the plant. With the high-impedance
of the JFET operationalampli�er LF356, if the ball loose
the electricalcontactwith the rail(s), the input �lter works
as ”sample-and-hold”:the capacitorC ”remember”the last
valid voltage/positionvalue. This non linear behavior of a
fully linear �lter and ampli�er is an ”collateral effect” of
the non-linear, random proprietiesof the moving contact
resistance,that representthe internal impedanceof our
position sensor. To have two moving contact (reference-
rail/ball and ball/sensing-rail)in seriesaggravate the �nal
results.A commoncureto reducethe moving contactnoise
is to use carbonbased(electrical conducting)grease.We
don't use it intentionally becausewe want to evaluatethe
noise-rejectingproprietiesof the controllersin worst cases
situations.

B. Actuator

For actuatorwe usetheLEGO Mindstormstandardmotor
model”71427”.Thespeci�cationsof thismotorareavailable



[14] from experimentaltests.The inductanceof the motor's
armature(LA = 2:07mH, averagevalue, measuredwith an
impedancebridge) is not includedin the model becauseit
introducesa time constant

t e = LA=RA = 0:83ms

which canbe neglected.

Thelimited electromechanicalconversionef�ciency of the
motors appearsas different KT (torque constant)and KV
(speedconstant).Thesetwo constantsareequalsin the case
of ”perfect” 100% ef�cient motor, where all the electrical
power is convertedin mechanicalwork. The constantsare
different also becauseinside the Lego motor there is a re-
ductiongearthat lower theef�ciency but increasethetorque
(reducing the maximum speed)and improve the linearity
of the DC motor in the low speedregion. The estimated
internalmotorplusreductiongearequivalentmomentinertia
arenegligible respectthe the momentof inertia of ball and
beam.

In the model,we neglectall the otherpossiblesourcesof
friction.

The motor has more than suf�cient speedand torque
to move the ball and the beamdirectly. We introducean
external reduction gear to utilize better the motor speed
range.

C. Power Ampli�er

The output of an operationalampli�er is boostedwith
a complementarypair Darlington transistors.This linear
powerampli�er hasmorethansuf�cient bandwidth(10kHz),
voltage (+ =� 15V) and current (+ =� 1:5A) capability to
drive the loaded motor. The output voltage is limited to
+ =� 9V to avoid motor overload (that will permanently
damagethe motor). We chooseto setAV = 1 for the power
ampli�er becausewe foundthat the+ =� 4V dynamicrange
of theUSB-DUX outputvoltageis enoughto drivethemotor
(the output ampli�er works only as current boosterwith
voltagegain set to one).

D. EncoderInput

Using the bidirectional counterinput of the data acqui-
sition card (USB-DUX) is possibleto connectan encoder
measuringtherealangleof thebeam.We have not usedthis
input in theexperimentbecausewechooseto useanobserver
to recreatethe full stateof the system.With an observer, it
is possibleto avoid the necessityof an expensive sensorto
measurethe positionof the beam.

E. Data AcquisitionCard

We use the USB-DUX [13] interface. We choosethis
device becauseit has suf�cient resourcesto monitor and
drive the plant. USB-DUX uses a Universal Serial Bus
connection:his allow to useany recentlaptop. USB-DUX
uses Comedi [8] device driver suite that allows to use
different hardware without a coherentAPI. In the spirit of
free and open-sourcedevelopment,the USB-DUX is fully
documented(hardware and software), including schematics
andsourcecodeof the �rmw areof themicro-controllerthat
runsthe board.The only real limit of this boardis the USB
bus: unfortunatelyit is not yet possibleto run it in true
hard-real-timefashionUSB interfacesbecause,to do so,it is
necessaryto rewrite the full USB Linux stack[15]. Usually,
with recent 2.6.1x kernel this is not a seriouslimitations
for applicationswith samplingtime of 10msor higher. At
presenttime, the only way that allow a full hard real time
guaranteebehavior, is the use of ISA/PCI/PC-CARD I/O
board[7].

IV. MODELLING AND SIMULATING THE SYSTEM

A very useful way to evaluate all systemconstantsis
to write all the equationsinside a single Scilab script (
bb 10.sce ; seeappendixA).

In the �rst part of the script all the systemconstants
are de�ned; then theseconstantsare usedto calculatethe
coef�cients of the linearizedmodelof the system.

A. Modelling the plant

Supposingthatthelinearmodelof theplant is represented
by thetime continuousstatematrix A, B, C et D; thediscrete
(sampledtime)modelis obtainedusingtheScilabinstruction

sys_d = dscr(sys,Ts);

where sys is the Scilab object that representthe linear
system:

sys = syslin('c',A,B,C,D);

The A matrix has dimension4 � 4 (the model has four
stateseethe annexe), the matrix B is 4� 1 (thereis only an
input: themotor voltage),C is 1� 4 (the positionof theball
is the only output)andD is null.

The eigenvalue of the the A matrix show that the lin-
earizedmodel is unstablein the equilibrium point (thereis
an eigenvaluewith positive real part). A full statefeedback
approachis usedto stabilizethesystem.Thefeedbackmatrix
F is calculatedusing LQR method,using Q and R values
tunedexperimentally.
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Fig. 3. Scicosdiagrambb a.cos with complete,continuousnon linear
modelof the plant andthe linear discretecontroller.

Adjusting the R and Q parametersof the controller is
possibleto changethe dynamicsof the transientresponse.
Fig. 3 show the resultsof the simulation using R and Q
valuesfound experimentallyto stabilizethe controller.

B. Theregulator

The regulator implementedinsidea PC is a sampleddata
system, but the real plant is a continuous time system.
Variousapproachare possible:we chooseto transformthe
continuousmodelof theplanta a discreteoneanddesignthe
controller in the sampleddomain.The �rst things to do is
choosea samplingtime.Usuallythesamplingtime is chosen
looking at the closedloop expectedperformances.If Tr is
the desired10-90 responsetime to a stepof the reference
Ts = Tr=10 or less. In other words: at last ten samplein
the rise time. The samplingtime shouldbe high enoughto
cover, within the Fs/2 Nyquist limit, all the ”f ast” polesof
the plant in order to avoid intersamplingoscillation.

It is importantto checkalsothe ”authority” (capabilityto
act with ef�cacy) of the actuatorpresentin the real system.
In our plant, the Lego motor has a intrinsic bandwidthin
the range10-40Hz, function of the load inertia.We choose
Ts = 10 ms becauseis a good compromisebetweenthis
requirementand is realizablewith the available hardware
andsoftwarecomponentsin soft andhard real time modes.

Input ampli�er, dataacquisitionandoutputampli�er can
be consideredfully ”transparent”.

With the full, linearized,modelof the plant

sys = syslin('c',A,B,C,D);

and the sampling time Ts, the equivalent discretetime
plant is computedwith

sys_d = dscr(sys,Ts);

andsplitted in the four elementswith

[Ad,Bd,Cd,Dd] = abcd(sys_d);

The classicapproachat the designof the statevariable
regulator is to compute,using the expectedcontrolledsys-
tem,thepositionof theclosedloop poles,thenandcompute
a feedbackmatrix F to do that.Scilabhasa function thatdo
all the work (F = ppol(A;B; poles)). This kind of approach
hasseveral drawbacks.A bettersolution is to usean LQR
designedfeedbackmatrix that is more robust to parameters
variationsand allow to �nd a good compromisebetween
the time reponseand the effort on the actuator. In order to
improve thesteadystateaccuracy of thesystem,an external
discreteintegrator is addedin the loop. The matrix of our
new ”augmented”feedbacksystemare :

Fi =
�
F Ki

�
;Adi =

�
Ad 0

� Cd I

�
;Bdi =

�
Bd
0

�

With this arrangementis possibleto computethe gain of
theintegratorKi andthestabilizingfeedbackmatrix F at the
sametime. The valueof R andQ are found experimentally
usingR = 1 andQ = [ 1 1 1 1 1] asstartingpoint.

F_lqr_i = bb_dlqr(Adi,Bdi,Qi,R) ;
F = -F_lqr_i(1:4) ;
Ki = -F_lqr_i(5) ;

C. Theobserver

Insteadthat �ll the plant with sensors,using a Luenberg
observer. The addedintegrator doesnot changethe design
of the observer becauseit is external at the real plant, then
we usethe non augmentedmatrix. We designthe observer
usingmanualplacementof real polesin order to obtain an
observer fasterthan the plant.

V. TESTING THE CONTROLLER WITH THE REAL PLANT:
SCICOS HARDWARE IN THE LOOP

With some limitations, it is possible to use Scicos to
control a real plant. The �rst stepis to createinput blocks
to acquire the feedbacksignal and output blocks to drive



the system.Using the examplesfound in the Scicos [17]
and Comedi [18] documentationwe have developed the
interfacing and computational functions that realize the
I/O using Scicos blocks. Within Scicos it is possible to
run the simulation in ”real-time” using the menu option
[Simulate]->[Setup] and setting”Realtime scaling”
equal ”1”. With this parameterset Scicos ”wait” for the
right time to read the inputs, make the calculationsand
update the outputs. It is clear that the time required to
completeall the actionsshould be less than the sampling
time. Normally this is not a problems with the modern
PC. Unfortunately, Linux is not an hard real time OS:
also with free CPU time there is no guaranteethat the
sampling time will be respected.The latest 2.6.1x Linux
kernel, with the low latency featuresactive and with the
internaltimer setto themaximumresolution(1ms, 1000Hz)
couldbeconsideredreal-timeat 99%for a samplingtime of
10ms. This performanceis morethanenoughfor laboratory
applicationswith electromechanicalsystemswheresampling
time in the rangeof 4-20 milliseconds.

Therespectof thesamplingtime is a verycritical issuefor
a digital controller becausethe position of polesand zeros
arefunctionof samplingtime Ts. If Ts change,theposition
of pole-zerochange,with potentialdangerousconsequence
in the transient,steadystateand stability proprietiesof the
closedloop hybrid system.

It is also importantto limit the numberof Scicosscopes
andtraces:they usesCPU resources.Increasingthe scope's
internalbuffersreducestheCPUloads,at theexpenseof the
real time updateof the display.

A. Compensationof the mechanical non linearity

The very cheapLego parts createa non linear ”sticky
friction” (sticktion)thatblock themovementof thebeamfor
very low valuesof themotorvoltage.As resultof this ”dead
zone” effect, the motor is totally incapableof making the
small movementto placethe ball in the perfectequilibrium
positionwith zeroball speed.We usea customScicosblock
to createan arti�cial non linearity that try to compensate
the ”dead-zone”effect, using a �x ed voltage”step” to the
motor in the correct direction. The ”dead-zone”canceling
non-linearty is realizedinside the block Mathematical
Expression that usesthe equation:

sign(u1)*a+u1

Theparametera, de�ned in thescriptor in theContext ,
representthe equivalentmotor voltageof the the deadzone
(the minimum voltagerequiredto move the beam).The full
regulator is show in Fig. 4. We used a non linear block
Saturation to limit themotor voltageduring thestarting
phase;during the normal working operation, the voltage
computedform the controller is ever below the saturation

level (+/- 2V).
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Fig. 4. ScicosHardware In the Loop .

B. Theobserver

The �sts attempt to manually place the poles of the
observer was unsuccessful.The position signal is noisy
becausethe rail-ball-rail contactis not perfect.This noise,
only partially attenuatedby thesinglepole low pass�lter of
the input ampli�er, createstability problemsin theobserver.
After severaltrial anderroriterationswith differentstrategies
to place the poles of the observer (real poles, complex
conjugatepoles,deadbeat),we found that the LQR method
waseffective also to designthe observer.

C. Kalmanobserver

At not satis�ed with the performancesof the LQR ob-
server, we had tried to usea steadystateoptimal Kalman
observer. The computationof the feedback matrix L is
moreinvolved becausethe Scilab”lqe” function requirethe
preparationof anequivalentsystemthatincludeinput (state),
output and cross (input-output) correlation noise sources.
The performancesof the Kalman observer is equivalent to
the LQR observer.

VI . SCICOS RTAI CODE GENERATOR

There are many situation where the performanceof the
Scicos-HIL solution are not suf�cient: if the plant is un-
stablewith catastrophicconsequence,for fast/highaccuracy
systemsthat require sampling time lower than 4 ms, for
embeddedsystem where is not possible install the full



Scilab/Scicospackagebut a small,standaloneprogramthat
implement the controller is the only option. The previous
diagramcanreused,but but all the I/O block mustbe from
the speci�c RTAI Scicospalette.
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Fig. 5. Ball position (m), time (s).
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Fig. 6. Motor voltage(Volt), time (s).

VII . CONCLUSION

In this paperwe have presenteda full working systemthat
will be usedfor the teachingof the industrialcontrol.
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ANNEXE
MATHEMATICAL MODEL OF THE PLANT

The mathematicalmodel of the mechanicalsystemhas
three”internal state”: the ball posizionx, the ball's rotation
anglef , andthe beamangle,q. The equationrelative to the
ball dynamicsis

mgsin(q) = mẍ+ Jsf̈ =r

wherer is the ball radius(meter),m the ball mass(Kg) et
Js = 2mr2=5, the rotationalmomentof inertia.

Using therelationx = f r whit thehypothesisthat theball
roll without slide, the dynamicsof the ball is simpli�ed to

ẍ = 5gsin(q)=7:

A secondequationmodel the dynamicsof the beam:

T = � mgcos(q)x+ Jbq̈+ mx2q̈

whereT representthe torqueon the beam's axis.

Using the simpli�ed model of the motor (that don't
considerthe inductance):

TM = KT iA

whereTM is the motor torque(Nm), KT the torqueconstant
(Nm/A), and iA the motor current(A).

Introducingthecinematicratio of thegearsthatcouplethe
motor to the axis of the beanKC = 40=8 = wM=w = T=TM



wherewM is the rotationalspeedof the motor axis w = �q,
and the motor equationis

UM = RAiA + KVwM;

we obtain

KCKT iA = � mgcos(q)x+ Jbq̈+ mx2q̈

where
iA =

UM � KVwM

RA
:

Substituting�x par v, we obtain the completemodel:

�w =
mgx

Jb + mx2 cos(q) �
KVK2

CKT

RA(Jb + mx2)
w+

KCKTUM

RA(Jb + mx2)
�q = w

�v =
5
7

gsin(q);

�x = v:

The stateof this systemare: (w0;q0;v0;x0) = (0;0;0; � )
where�

is an arbitraryvalue.It is possibleto stabilizethe ball in
a genericposition.We examinein detail the casex0 = 0.

Linearizingthe modelaroundthe equilibrium state0, we
obtainan approximatelinear model:

�x = Ax+ Bu

y = Cx

where

x =

0

B
B
@

w
q
v
x

1

C
C
A ;A =

0

B
B
B
@

� KVK2
CKT

RAJb
0 0 mg

Jb
1 0 0 0
0 5

7g 0 0
0 0 1 0

1

C
C
C
A

;B =

0

B
B
@

KCKT
RAJb
0
0
0

1

C
C
A

andu = UM. The matrix C is
�
0 0 0 1

�
.

This linear model is usedfor the designof the regulator
and the observer.


